The use of chromosome specific DNA probes labelled with fluorochromes and especially the combination of several probes has been used to indirectly study the chromosome constitution of decondensed sperm nuclei by fluorescence in-situ hybridization (FISH), and has allowed to include this test in the protocol of study of infertile males. Still, if the test is to be valid, several strict conditions must be met, and some specific characteristics have to be taken into account. This becomes evident when comparing earlier results with more recent ones. The basic technical factors to be taken into account are the methods of chromatin decondensation, the number of spermatozoa and of individuals to study, the use of internal controls, the scoring criteria, the specificity of the probes and the possible existence of polymorphisms that may interfere with the detection of fluorescent signals. In the last 7 or 8 years, a large number of papers has been published, describing the incidence of aneuploidies in controls, in individuals in whom a tendency to non-disjunction was suspected and in infertile males. Studies in controls have shown a considerable intra-and inter-individual variability in the frequency of aneuploidies, the tendency of some chromosomes to undergo non-disjunction (chromosome 21 and the sex chromosomes) and the importance of α-satellite polymorphisms when using centromere probes. In the control population, the frequency of aneuploidy per haploid set has been estimated at ~6%.
Introduction
The indirect study of the chromosome constitution of human spermatozoa was first carried out using fluorochromes such as quinacrine dihydrochloride or quinacrine mustard to stain the heterochromatic region of the Y-chromosome (Barlow and Vosa, 1970) , followed by the staining of the secondary constriction region of chromosomes 1 and 9 (Bobrow et al., 1972; Geraedts and Pearson, 1973) . However, this approach was abandoned when it became evident that the staining of other chromosomal regions made the technique unreliable. Rudak et al. (1978) used the capacity of human spermatozoa to penetrate zona-free hamster oocytes to obtain the first preparations of human sperm chromosomes. This method was standardized by Martin (1982) , but the technique was so complex and time-consuming that its use was limited to a few laboratories, and was never applied in a clinical setting.
More recently, the use of chromosome-specific DNA probes initially labelled with radioactive compounds (Joseph et al., 1984) and later with fluorochromes (Guttenbach and Schmid, 1990; Pieters et al., 1990) , and especially the combination of several probes (Wyrobek et al., 1992) opened the way to indirectly study the chromosome constitution of large numbers of spermatozoa by multi-colour fluorescence in-situ hybridization (FISH) either on sperm nuclei or on human sperm-derived pronuclei (Martínez-Pasarell et al., 1997) , and the test has been incorporated into the protocol of study of infertile males by many laboratories.
However, the special characteristics of the sperm nucleus give rise to a series of limitations, that can only be circumvented through the use of very strict technical criteria. In this paper, we review the methodological recommendations accepted nowadays and briefly summarize the results obtained so far.
Advantages of the technique
In contrast with the human-hamster system, where several experiments may be needed to obtain a relatively low number of metaphases (usually ~100, if the penetration of human spermatozoa into hamster oocytes is good), the use of multi-colour FISH in decondensed sperm heads allows the study of thousands of spermatozoa in a relatively short period of time (with the exception of patients with very low numbers of spermatozoa). This is especially indicated for the evaluation of the incidence of aneuploidies.
In fact, at present most laboratories analyse ~1 × 10 4 spermatozoa per patient and per set of probes, while in the last 15 years the total numbers of spermatozoa studied worldwide using the human-hamster system is ~2-3 × 10 4 .
Furthermore, the DNA probes used are quite specific and, using different slides with sperm spreads and different combination of probes it is possible to evaluate the frequency of aneuploidy for any chromosome in the human complement.
Limitations of the technique
As a result of the high degree of compaction of the sperm chromatin, a decondensing treatment is needed to make the appropriate DNA regions accessible to the probes (Wyrobek et al., 1990; Vidal et al., 1993) . The efficiency of the decondensing procedure is directly related to the quality of the fluorescent signals which, in turn, underlies the reliability of the results.
The method does not allow differentiation between nullisomy (absence of a given chromosome) and hybridization failures. By combining two or more different probes (multicolour FISH), some authors consider that if one of the probes results in a correct signal, the absence of a signal for the other probe is an evidence of nullisomy (Holmes and Martin, 1993; Lu et al., 1994; Bischoff et al., 1994 ). Yet, in most cases the frequency of nullisomy is considerably higher than that of disomy, when theoretically both values should be similar. Although the difference might result from special mechanisms, such as chromosome lag (Nath et al., 1995; Zijno et al., 1996) , the existing data suggest that the excess of nullisomy is artefactual (Márquez et al., 1996) .
Furthermore, in our experience (data not shown) when the frequency of aneuploidy for a given chromosome is evaluated in the same individual using a locus-specific probe and a centromere probe, the frequency of 'nullisomy' is always much higher for the locus-specific probe. This probably indicates that single-sequence regions are less accessible to the probes than repetitive sequences.
Thus, to be on the safe side, we recommend estimating the incidence of aneuploidy in a conservative way (Blanco et al., 1996) by doubling the incidence of disomy, as is usually done in sperm chromosome studies (Egozcue et al., 1991) .
Another limitation of the FISH technique is the impossibility to study structural anomalies and the difficulty to analyse the segregation of structural anomalies. The latter is only possible when probes spanning the breakpoints involved are available (Rousseaux, 1995) and this involves a considerable number of trials using different probes or yeast artifical chromosomes (YACs) until the right combination is eventually found.
The use of the human-hamster system allows the study of the whole chromosome complement, while when FISH is employed only parts of the chromosomes identified by the probes used can be evaluated.
The number of probes that can hybridize in the small surface of the decondensed sperm head is limited (usually three different colours). However, this difficulty can be circumvented by using several slides hybridized to different combinations of probes, provided that the ejaculate contains sufficient numbers of spermatozoa.
Finally, for some unknown reason, the frequencies of disomies for some chromosomes in sperm heads (percentage of disomies) is always higher than the incidence of trisomies in the offspring (trisomies of paternal origin). However, when sperm chromosome studies are carried out using the human-hamster system, the global incidence of disomies (similar to that obtained by FISH) is also higher than the incidence of trisomies. At present there is no easy explanation for this discrepancy.
Technical aspects
Since FISH of DNA probes to decondensed sperm heads is a relatively recent method, and the methodology and scoring criteria are different depending on the laboratories, we next describe some of the factors that may influence the final result, and analyse some conflicting situations that can arise from the improper use of the technique. 
Sperm decondensation
Since the sperm head contains highly compacted chromatin, a decondensing treatment is needed to make the DNA sequences accessible to the probes used for in-situ hybridization. The success of the technique depends, to a high degree, on the quality and efficiency of the decondensing treatment. The best results have been obtained using a reducing agent, dithiothreithol (DTT) to break the disulphide bridges found in and between the DNA chains in the sperm chromatin. The technical aspects of the decondensing treatment can be found in Wyrobek et al. (1990) and Vidal et al. (1993) . If the treatment is too short, the accessibility of the DNA sequences to the probes will be reduced, especially when using locus-specific probes. In fact, as indicated above, hybridization failures (sometimes interpreted as nullisomies) probably result from a lack of accessibility of the DNA sequence. On the other hand, too long a treatment may result in an excessive decondensation of the chromatin, in such a way that a single probe to repetitive DNA sequences may produce more than one signal by hybridizing to different chromatin domains, and erroneously increase the estimation of the incidence of disomies (Wyrobek et al., 1993; Martin and Rademaker, 1995) . Theoretically, the decondensing treatment could expose hidden DNA sequences and give rise to unspecific cross-hybridization, thus increasing the number of signals in otherwise normal sperm nuclei. To test this hypothesis, we carried out a FISH study using centromeric probes for chromosomes 6, 8 and 18, hybridized to lymphocyte metaphases untreated, or subject to the same decondensing treatment used to decondense sperm heads. The results (not shown) indicated that the probes were chromosome specific after decondensation (i.e. no 'hidden' regions were present in other chromosomes) but the quality of the signals was affected, producing a dispersion of the fluorescent label that, in interphase nuclei, could result in a more difficult estimation of the frequency of disomies.
Number of spermatozoa to score
The numbers of spermatozoa to be scored per individual and per set of probes will depend on the margin of error that can be acceptable in the design of a given experiment.
While sperm chromosome studies using the hamster system revealed a homogeneous distribution of aneuploidies for the different chromosomes in the human complement, earlier FISH studies demonstrated a wide variability in the incidence of aneuploides for a given chromosome, to the point that some authors questioned the validity of the technique (Tables I and II) . For instance, while Holmes and Martin (1993) found a frequency of disomy for chromosome 12 of 0.04% after analysing a single individual, the same laboratory described an incidence of chromosome 12 disomy four times higher (0.16%) after analysing 10 individuals (Table I) .
Obviously, the higher the number of spermatozoa scored, the closer the obtained values will become to the mean of the population. Thus, the size of the sample will affect the validity of the results, especially taking into account that the frequency of aneuploidy for a given chromosome is extremely low. In fact, although the possibility of finding a frequency of disomy of 0.2% is the same when analysing 1 × 10 3 or 1 × 10 4 spermatozoa, in the first case the observer has to find only two disomic spermatozoa, while in the second case 20 disomic spermatozoa are needed. The variability in the percentage of disomies observed in a single sample from one individual becomes patent in Table III , where the frequencies of disomy for chromosomes 6 and 21 in successive counts of 2000 spermatozoa each are shown.
At present, most groups score 1 × 10 4 spermatozoa per individual and per set of probes, except in those cases where the number of spermatozoa limits this possibility. 
Use of internal controls
For the analysis of aneuploidy in sperm nuclei by FISH, an internal control probe is needed to differentiate between disomic and diploid spermatozoa. Otherwise, the frequency of disomic spermatozoa will also include diploid spermatozoa. This means that two probes will be needed to evaluate autosomal disomies (one specific probe and one control probe) and three probes to evaluate sex-chromosome aneuploidies (one control, one X chromosome and one Y chromosome probe). The presence of a signal for a control α-satellite probe along with the absence of a signal for the probe to be studied may also help to differentiate between nullisomies and hybridization failures, especially when the negative probe is locus-specific, because in these cases the absence of a hybridization signal may be indicative of an insufficient decondensing treatment. In fact, a review of the results published so far (Table IV) shows that, in general, the frequency of disomy for most chromosomes is higher when no internal controls are used, because the values obtained include diploid nuclei. Although it has been suggested that diploid spermatozoa could be identified by the size of their heads (Guttenbach and Schmid, 1990; Coonen et al., 1991) , there is a wide variability in the degree of chromatin condensation (Seligman et al., 1994) ; thus, the size of the sperm nucleus after decondensation depends on its DNA content and its DNA compaction.
The only exception to these general principles would be the cases where a synaptic problem gives rise to multiple disomies/nullisomies. However, the frequency of these cases is low, and the unusual distribution observed would be sufficient to make the results suspicious and to indicate the need for further studies.
Scoring criteria
As indicated before, scoring of aneuploidies is based on the number and characteristics of the signals observed in the sperm heads. This is why strict criteria must be established to eliminate subjective factors as much as possible. These criteria have changed with the improvement of the technique and with the experience of the groups using it and, nowadays, most laboratories working in this field adhere to a series of rules that are generally accepted. These criteria (Blanco et al., 1996) include: (i) overlapped spermatozoa or sperm heads without a well defined boundary are not evaluated; (ii) in cases of disomy or diploidy, all signals should have the same intensity, and be separated from each other by a distance longer than the diameter of each signal; and (iii) finally, nullisomies are not directly scored and are conservatively considered as equivalent to the incidence of disomies. However, if these rules are applied too strictly, the frequency of disomies may be underestimated. For instance, to consider that two hybridization signals are different (disomy) they must be separated by a distance longer than the diameter of the signals. However, in cases of second meiotic non-disjunction, the non-disjoined sister chromatids may lie so close together that the two fluorescent signals may be interpreted as a single, split signal, and the spermatozoa be considered as normal. Another problem arises from the fact that, to be considered as real, the two signals must have same intensity. However, the intensity of the signal may depend on α-satellite polymorphisms, or on other factors such as the decondensation of the chromatin, exposure of the DNA sequences, etc. In other words, a signal of a given size may be considered as artefactual when found beside a larger signal in one spermatozoon, and a signal of the same size be considered as positive when found alone in another sperm head.
Finally, another problem is related to the fact that although two different probes may be equally specific, they may hybridize to different regions of the chromosome, and produce signals of different size.
These are limitations that are difficult to solve at present, but that should be nevertheless taken into consideration.
Specificity of the probes
Another factor that may have an influence on the results obtained is related to the characteristics of the probe(s) used in each case. The ideal probe is the one that is highly specific and results in an intense and discrete signal in the sperm head. At present, if a probe is specific for a given chromosome in one individual, it is considered specific for the whole population. However, there are exceptions to this rule. Verlinsky et al. (1995) reported a case of cross-hybridization of the chromosome 13/21 α-satellite DNA probe to chromosome 22 in a case of prenatal diagnosis; in the same way, in our laboratory, where one of the internal controls used is a centromeric probe for chromosome 6, we have observed several cases where this probe gives an extra, smaller signal that has been localized in the centromere of chromosome 10 after a study carried out in banded lymphocyte metaphases (Figure 1 ). This means that the specificity of each probe must be tested in each laboratory. Tables I and II) and the estimated frequency of trisomies in epidemiological studies (Kupke and Müller 1989; May et al., 1990; Hassold et al., 1991b; Jacobs, 1992; Antonarakis, 1993; Fisher et al., 1993) For instance, in the evaluation of Y-chromosome disomies, some authors used a probe (DYZIII) that hybridizes to the heterochromatic region of the Y chromosome, resulting in a signal that could span about one third of the area of the sperm head (Moosani et al., 1995; Martin et al., 1996; Chevret et al., 1997) while others used a centromeric probe (DYZI) that gives a small, discrete signal (Blanco et al., 1997) . Although the disomy frequencies reported by these authors are comparable, the use of probes producing large signals limits the number of probes that can be used on a nucleus of limited size, as indicated before.
Individual variability
The individual variability detected for the frequency of disomies for any given chromosome (Tables I, II) decreases considerably if only the results based on the analysis of at least 1 × 10 4 spermatozoa per individual and per set of probes, using an internal control are taken into account (Table V) . From these studies, and taking as a mean a frequency of disomy of 0.12% for the autosomes and of 0.31% for the sex chromosomes (obtained from Table V) it is possible to calculate the incidence of disomy per haploid set (including both sex chromosomes) in spermatozoa as 6%, using conservative criteria (frequency of aneuploidy = 2× frequency of disomy). This figure is comparable with that obtained from sperm chromosome studies using also strict criteria (~4%) (Egozcue et al., 1991) .
On the other hand, while epidemiological studies have clearly shown the existence of a relationship between maternal age and the incidence of some trisomies (13, 18, 21) , this relationship has not been demonstrated in the male. The possibility to study thousands of spermatozoa using different sets of probes has opened the possibility to test this hypothesis. However, the result published so far are conflicting, because while Griffin et al. (1995) observed an increase in the frequency of aneuploidy with age, Miharu et al. (1993) were not able to find any significant differences.
α-satellite polymorphisms
Another factor that may have an influence on the results obtained is the existence of α-satellite polymorphisms. Repetitive centromeric sequences may vary from one individual to the other depending on the number of repeats. In cases in which the number of repeats is decreased, the intensity of the signal may decrease, or even become undetectable (Seres-Santamaria et al., 1993; Bossuyt et al., 1995) .
Review of results
So far, FISH techniques have been used in controls, to determine the mean incidence of disomy for the different chromosomes in fertile, apparently normal individuals not exposed to mutagens, and in infertile patients who are either carriers of a sex chromosomes anomaly or show different types of infertility, including cases of infertility of unknown origin, unselected infertile patients and patients with severe oligoasthenoteratozoospermia (OAT). Since at least some of these patients are potential candidates for ICSI, the study of the incidence of disomies in their spermatozoa becomes especially important.
Control
The study of the incidence of disomies in spermatozoa from controls has shown that some chromosomes seem to have a special tendency to non-disjunction. Significantly higher disomy frequencies have been described for chromosome 16 (Williams et al., 1993) , chromosome 21 (Blanco et al., 1996; Spriggs and Martin, 1995) and the sex chromosomes (Martin et al., 1996) . This increase in the frequency of disomies had already been described by Martin et al. (1991) using the human-hamster fertilization test. The origin of this anomaly seems to be related to a reduction of recombination in the case of chromosome 21 (Warren et al., 1987) and to the presence of a single, almost terminal chiasma between the X and Y chromosomes at meiosis I (Hassold et al., 1991a) .
For any given chromosome, the frequency of disomy observed in sperm nuclei using FISH is always higher than the incidence of trisomic individuals in the populations, estimated from epidemiological studies. This frequency is estimated by calculating the incidence of trisomy in all recognized pregnancies (Table VI) . In the case of XXY Klinefelter's syndrome and XYY males, the differences are not as considerable, probably because most of the cases are viable, but in the case of autosomal trisomies the differences are much higher (Table VI) . The figures included in Table VI have been taken from Jacobs (1992) and are based on a conservative estimate of abortions of 15%. However, according to Edwards (1986) if all pregnancies are considered, the incidence of abortion in human conceptions would be at least four times higher (60%). On the other hand, although in abortions from clinically recognized pregnancies the incidence of chromosome abnormalities is 50% (Boué, 1975) in the peri-implantation period the figure is at least 85% (Brambati et al., 1992) or even higher.
We are aware that these estimations are an oversimplification of the problem, and do not take into account the different viability of each trisomy during gestation. However, even if this correction is applied to the estimated incidence of trisomy, the figures obtained are still lower than the ones observed in sperm nuclei. Taking as examples the most common autosomal trisomies (21 and 18) the results are as follows: Paternal disomies in recognized pregnancies = 0.022% Paternal disomies including the peri-implantation period = 0.022 × 4 × 2 = 0.176% Disomies observed in sperm nuclei = 0.10-0.38%
Paternal disomies in recognized pregnancies = 0.002% Paternal disomies including the peri-implantation period = 0.002 × 4 × 2 = 0.016% Disomies observed in sperm nuclei = 0.08-0.19% Although it has been suggested that trisomies of paternal origin might be less viable than those of maternal origin (Hall et al., 1990) , in which case their incidence during the peri-implantation period would be underestimated, the differences are probably more related to the fact that while only a few thousand abortions have been studied so far worldwide, most of which are of maternal origin (Table VI) , and at most a few abortion products have been analysed for a single individual, the number of spermatozoa analysed in the same individual would be ~10 000. Furthermore, the results obtained so far on the frequency of disomies in different individuals shows a wide variability (Tables I and II) , a fact that makes very difficult any attempt to correlate the frequency of disomy in sperm nuclei and the incidence of trisomy in abortions, fetal deaths and newborns.
In fact these individual differences may be as wide as those shown by Martin et al. (1996) for chromosome 1 (0.05-0.18%), for XX disomies (0.03-0.17%) or for YY disomies (0.10-0.45%) or by Blanco et al., (1997) for XY disomies (0.05-0.17%) or YY disomies (0.08-0.23%).
Individuals with sex chromosome anomalies
The analysis of sperm nuclei by FISH in 47,XYY males (Table VII) and in Klinefelter mosaics (46,XY/47,XXY) (Table VIII) shows in most cases a significant increase in the frequency of sex chromosome disomies in these patients. These results suggest that in both types of patients the abnormal cell line is capable of completing spermatogenesis and produce mature spermatozoa, many of them with an extra sex chromosome.
Infertile males
The analysis of sperm nuclei by FISH in infertile males, usually with OAT has shown that these patients have a higher variability in the behaviour of chromosome segregation during meiosis. Thus, while some authors found no differences in the number of abnormal spermatozoa, others have found a higher incidence of chromosomal anomalies with respect to the control population (Table IX) . This increase has been confirmed in a study carried out in our laboratory in collaboration with the Institut Universitari Dexeus (Table X) .
Based on the results obtained so far in infertile males, and the fact that several authors have described an increased incidence of sex chromosome abnormalities in children conceived by ICSI using spermatozoa from fathers with normal chromosomes, we consider that the results of the study of spermatozoa by FISH should be taken into consideration to evaluate the results of ICSI programmes. Recently, In't Veld et al. (1997) described an increase of chromosome abnormalities in an OAT male selected for a ICSI programme. In fact, Tables VII-X show that in males with sex-chromosome abnormalities, as well as in OAT males, the most common disomies observed affect the sex chromosomes. This could have a relationship with the increase of sex-chromosome anomalies described after ICSI (In't veld et al., 1995; Liebaers et al., 1995) . The level of significance set at P < 0.05. * Significant. ** Highly significant. ***Used as a ploidy control.
Conclusions
The use of FISH on decondensed sperm heads allows an accurate analysis of the incidence of disomy in spermatozoa as long as the following technical considerations are taken into account:
The need to analyse a high number of spermatozoa per individual and per set of probes. At present, and with the exception of cases with a severe oligozoospermia, most laboratories analyse a minimum of 1 × 10 4 spermatozoa.
The definition of strict criteria to minimize the subjective contribution of the observer.
The use of a ploidy control probe.
The consideration that centromeric probes may produce problems related to α-satellite polymorphisms, that locus-specific probes may not always be able to hybridize, depending on the efficiency of the decondensing treatment, and that meiosis II nondisjunction may produce signals that are too close to each other for the criteria usually applied.
The use of FISH on decondensed sperm heads allows to establish the frequency of aneuploidy, but at present the analysis of structural rearrangements is still complex and quite difficult. In these cases, the study of sperm chromosomes is still the more useful technique.
The results show a wide individual variability in the frequency of disomies for a given chromosome.
Some chromosome pairs (16, 21, sex-chromosome) show a special tendency to non-disjunction.
The combination of FISH studies and epidemiological studies may contribute to the understanding of the mechanisms of production of paternally derived chromosome anomalies, although at present the frequency of disomies in sperm heads is considerably higher than the incidence of trisomies of paternal origin.
The analysis of sperm nuclei by FISH in severe oligozoospermic patients could be useful to establish the risk of transmission of chromosome anomalies if ICSI is to be used.
